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ABSTRACT 
Estuarine ecosystems are dynamic, heterogeneous ecosystems that are 
increasingly impacted by human activities, particularly excess nutrient loading and the 
resulting eutrophication.  Much of the descriptive research investigating large-scale 
eutrophication is performed using field surveys and small-scale, manipulative microcosm 
experiments.  To investigate confounding effects of scale and heterogeneity, we 
conducted a large-scale field survey of benthic conditions in West Falmouth Harbor 
(WFH), Cape Cod, Massachusetts, and compared our results to those observed in 
microcosm studies that utilized sediments and macrofauna from WFH.  We used 
geographic information systems to estimate field condition heterogeneity and design an 
appropriate sampling strategy, and geostatistical interpolation methods to construct a 
dataset for the whole estuary based on our disparate sampling stations.   
Macroinvertebrate distribution was patchy, with somewhat lower densities than 
were used in experiments. The range of oxygen consumption rates (field 1.1-5.4; 
microcosm 1.0–9.3 mmol m-2 h-1) and benthic chlorophyll a (field 16–218; microcosm 
30–263 mg m-2) were loosely comparable between field and microcosms.  Porewater 
ammonium was higher in the microcosms (field 0–84; microcosm 28–1690 μM), 
particularly in experimental treatments without animals. The presence of 
macroinvertebrates in microcosms, especially the sipunculan Phascolopsis gouldii, 
resulted in better agreement, implying that the degree to which biological conditions 
approximate reality dictates how closely physico-chemical conditions follow suit.   
Measures of water depth and seagrass presence compared well to independent 
surveys, suggesting that sampling methods were adequate.  Root mean square errors of 
the interpolated surfaces were large for most sampled conditions; increasing sampling 
resolution and adjusting sample collection strategies to account for macroinvertebrate 
habitat preferences should result in more accurate predictions.   
Our results have important implications for studies in soft-bottom estuaries, as 
they validate the use of microcosms to evaluate the relationship between patterns of 
species distribution and the ensuing system-level processes.  
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1 INTRODUCTION 
1.1  Eutrophication in Estuaries 
Anthropogenic eutrophication is a source of significant change in estuaries 
(Cloern 2001), and is in fact one of the most important at this time (Bricker et al. 1999).  
Primarily nitrogen-limited, (Ryther and Dunstan 1971, Howarth 1988) these systems are 
impacted by increased nitrogen (N)  inputs resulting from technological changes over the 
last century (Paerl 1997, Carpenter et al. 1998, Whitall et al. 2003).  Further, increased 
development along the coast has resulted in increased sewage generation and fertilizer 
use from both residential and agricultural sources, leading to higher nutrient loading of 
groundwater (Valiela et al. 1992, Carpenter et al. 1998). Once in estuaries, the increase in 
mobilized nutrient levels often results in rapidly increased primary production (Nixon 
1995).  The increased decomposition following such excessive growth can drive oxygen 
levels to hypoxic or anoxic levels (Nixon 1995, Paerl et al. 1998) and prolonged exposure 
to such oxygen-poor environments can result in massive fatalities among benthic 
organisms (Breitburg 1992, Diaz and Rosenberg 1995, Norkko and Bonsdorff 1996, Gray 
et al. 2002, Altieri and Witman 2006).   
The shifts in estuarine populations resulting from such changes, as well as the 
broader environmental changes themselves can result in ecological and economic costs 
that managers will wish to minimize and repair (Smith et al. 1999).  In addition to the 
ecological degradation (eg. Sawyer 1965, Bricker et al. 1999), severe eutrophication can 
lead to loss of ecosystem services such as recreation and tourism (Sawyer 1965, Charlier 
et al. 2007), and commercial harvest of fish and shellfish (Rossignolstrick 1985, Norse 
1993, Bricker et al. 1999, Breitburg 2002, but see Breitburg et al. 2009a, Breitburg et al. 
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2009b). Processes affecting nitrogen availability are particularly of interest when 
determining eutrophic status given the N-limited state of most marine systems, but 
additional chemical measurements may also be used, including phosphorus and oxygen 
fluxes, chlorophyll a and sediment organic matter (Viaroli et al. 1996, Smith et al. 1999).   
Biogeochemical cycling within an estuary may alter the rate and effects of 
eutrophication, either accelerating or retarding the process. Heavy sedimentation may 
decrease nutrients available to macroalagae, as newly-deposited organic matter may be 
incorporated into the sediment faster than microorganisms can convert organic nitrogen 
into biologically available forms (Berner 1980, Klump and Martens 1987, Bender et al. 
1989, Herbert 1999).  Additionally, nitrogen may adsorb onto sediment particles and be 
contained within the sediment once deposition occurs, thus reducing primary production 
(Berman and Bronk 2003, Joye and Anderson 2008).  Conversely, fluxes of deposited 
nutrients from the sediment to the water column can fuel macroalgal growth, increasing 
the system loading of organic matter and causing increased biological oxygen demand 
(BOD) (Stimson and Larned 2000, Sundback et al. 2003, Tyler et al. 2003, Kamer et al. 
2004).   
 
1.2  Invertebrates & Their Effects 
Many of the processes found in estuarine nutrient cycling are affected by 
macroinvertebrates, which can facilitate or retard nutrient fluxes between the sediment 
and the water column (eg. Gilbert et al. 1995, McLenaghan et al. 2011).  This is done in 
multiple ways; deposit feeders like Ilyanassa obsoleta and Capitella capitata can 
consume organic detritus before it breaks down (Rhoads 1974, Gosner 1978, Tenore and 
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Hanson 1980, Collier 1981), reducing the eventual BOD, though this may also remove 
the microalgal “cap” on the surface of the sediment, allowing for increased nitrogen flux 
into the water column (Miller et al. 1996, Sundback and Miles 2002).  Removal of the 
microalgae may additionally decrease the sediment’s potential as a nitrogen sink as 
disturbance may impact growth and productivity (Connor et al. 1982, Banta et al. 1995, 
Miller et al. 1996, Sundback and Miles 2002). Additionally, photosynthesis by 
microalgae can enhance nitrogen removal via coupled nitrification-denitrification 
(microbial conversion of ammonium to nitrate and subsequently to nitrogen gas), again 
removing biologically available nitrogen from the system (Rysgaard et al. 1995, An and 
Joye 2001).   
In addition to affecting nutrient fluxes through manipulation of microalgae, 
invertebrates can have effects through direct interaction with the sediment, via 
bioturbation and bioirrigation.  The movement of organisms on and within the sediment, 
such as actively grazing snails (Fong et al. 1997), will result in bioturbation, the exchange 
of solids and solutes between sediment and water column as a result of mixing.  Burrow-
dwelling organisms, such as polychaete worms (Henriksen et al. 1983, Kristensen and 
Blackburn 1987, Hansen and Kristensen 1997, Mermillod-Blondin et al. 2004), can also 
cause mixing through bioirrigation, solute exchange between the relatively oxygen-rich 
water from the water column and oxygen-poor water in the pore spaces (Goldhaber et al. 
1977).  Oxygenation of the sediment promotes formation of pronounced chemical 
gradients within the sediment, facilitating microbial nitrification and denitrification 
processes (Andersen and Kristensen 1988).  Together, these processes can measurably 
impact nutrient fluxes (Rhoads 1974, Henriksen et al. 1983, Aller and Aller 1998). 
 3
The effects of macroinvertebrates on these biochemical processes are highly 
species-specific.  For example, Gilbert et al. (1995) found that the polychaete worm 
Hediste diversicolor affected denitrification rates, and Mermillod-Blondin et al. (2004) 
found that it increased oxygen penetration to the sediment and solute exchange between 
the sediment and the water column.  Papaspyrou et al. (2006) noted that H. diversicolor 
and the related Alitta virens also increased the organic matter content of surface 
sediments.  Other taxa also have measurable effects; Hansen et al. (1996) noted that the 
soft-shelled clam Mya arenaria increases sulfate reduction, and Mojica and Nelson 
(1993) that the hard-shelled clam Mercenaria mercenaria increases sediment organic 
matter content.   
Given the known effects of macroinvertebrates on the biochemical processes that 
affect eutrophication, it follows that invertebrates can have some effect on eutrophication 
within an estuary.  By altering nutrient flows, particularly between the sediment and the 
water column, extremely localized eutrophication may be accelerated or retarded (eg. 
Raffaelli 2000, Hauxwell et al. 2001), making them an import important topic of research 
in eutrophication studies.   
 
1.3 Heterogeneity of Benthic Conditions 
Both invertebrates and the physico-chemical characteristics of the sediment they 
alter can vary significantly (Cloern 1987, Garcia-Charton et al. 2000, Caeiro et al. 2003, 
Pérez-Ruzafa et al. 2007 and references therein).  The benthic physico-chemical 
conditions may vary based on coarser characteristics such as substrate class or 
composition (eg. Rossi 2006, Chapman and Tolhurst 2007) or finer characteristics, such 
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as the chemical composition of the sediments (Forja et al. 1994, Bodenbender et al. 1999, 
Aigars and Carman 2001).  Similarly, benthic macroinvertebrate distributions may vary 
as widely as sediment characteristics do, or even more so (eg. Herman et al. 2001, French 
et al. 2004, Commito et al. 2008).  Habitat preference often dictates invertebrate 
distributions (eg. Menge 1976, Gosner 1978, Petraitis 1989), as does tolerance of 
particular ranges of turbidity, temperature, and organic loading (eg. Pearson and 
Rosenberg 1978, Preston 2002).  Because of these varied drivers of habitat suitability, 
macroinvertebrate populations may shift significantly across an estuary, resulting in 
populations of highly variable composition.   
Multiple studies have attempted to encompass that variability, primarily through 
use of in situ measurements (eg. Garcia-Charton et al. 2000, Chapman and Tolhurst 2007, 
Thouzeau et al. 2007, Smale 2008).  Encompassing the variation in conditions in even a 
small estuary, however, requires comprehensive sampling.  A sampling strategy must be 
broad enough to ensure full representation of the coarse environmental conditions 
(Håkanson and Blenckner 2008, Teixeira et al. 2008) while being of fine enough 
resolution to capture the variation present in macroinvertebrate distribution (eg. Spruzen 
et al. 2008), and biochemical conditions (eg. Howes et al. 2006).  The spatial analytical 
capabilities required to design such a targeted sampling strategy may be obtained in a 
variety of fashions, but one well-suited technology currently available is that of 
geographic information systems (GIS) (Wing and Bettinger 2003, Mironga 2004).   
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1.4  Geographic Information Systems 
GIS has found use in multiple types of biological and chemical studies, especially 
in ecology (eg. Baker and Weisberg 1997, Smith et al. 1997, Kadmon and Heller 1998, 
Mironga 2004).  It has also been used to some extent in marine and estuarine studies, 
particularly in habitat classification efforts (Ferguson and Korfmacher 1997, Robbins 
1997, Lathrop et al. 2001, Zharikov et al. 2005), and hydrologic modeling (Ensign et al. 
2004, Ferreira et al. 2006, Howes et al. 2006).  Its is as of yet apparently underutilized in 
studies examining benthic conditions (but see Chica-Olmo et al. 2004) as many such 
studies, even when considering spatial variation, have not used GIS despite its 
applicability (eg. Dethier and Schoch 2005, Giménez et al. 2006, Chapman and Tolhurst 
2007, Dale and Miller 2007, Spruzen et al. 2008).   
 The power of GIS lies in its ability to combine spatial location data with a 
comprehensive database of observational or analytical data (Fischer et al. 1996, Lang 
1998, Bossler 2010).  Moreover, the integration of powerful statistical and analytical 
tools is fundamental; standard statistical techniques often provide suspect results when 
applied to spatial data, as spatial datasets often fail to adhere to the assumptions required 
for such statistical analyses (O'Sullivan and Unwin 2003).  Many of the methods used to 
combat those difficulties are found in the field of geostatistics, which is primarily used to 
obtain information in unsampled locations (Webster and Oliver 2001), making it quite 
suited for studies hampered by logistical constraints, yet needing to address issues across 
a large geographic area.   
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1.5 Use of Microcosms 
Estuarine studies, regardless of their use of GIS, largely use microcosm 
experiments to examine eutrophication and the processes that affect it.  Examples include 
the metabolism of the benthos (eg. McGlathery et al. 2001), nutrient limitation of 
phytoplankton (eg. Pitcher et al. 1993) and macroalgae (eg. Fong et al. 1993), and the 
impacts of invertebrates (eg. Mojica and Nelson 1993, Gilbert et al. 1995, Hansen et al. 
1996, Mermillod-Blondin et al. 2004, Papaspyrou et al. 2006), to name just a few.  
Microcosms often offer one the ability to examine conditions more readily than if the 
same measurements were taken in situ, and the constrained nature of microcosms allows 
conditions to be simplified, a critical factor in determining the causes of observed effects.   
However, despite the best efforts to mimic field conditions (eg. Tuominen et al. 
1999), microcosms do have limitations.  If the desire is to examine conditions and 
processes that may be said to apply to the field site as a whole, sediments are usually 
homogenized so as to prevent conditions from differing within experimental replicates 
(eg. Mermillod-Blondin et al. 2004, Papaspyrou et al. 2006).  Unfortunately, this means 
that the full heterogeneity of conditions present in the field is not represented.  
Additionally, the homogenization process can artificially modify microcosm conditions, 
such as by altering the chemical gradients within the sediment, as is seen with the 
promotion of ammonium formation due to oxygenation (Bonin and Golterman 1990).  
Even if microcosms are constructed without manipulating the sediment, they can still 
only represent conditions at discrete locations within a study site (see Magni et al. 2000), 
meaning that heterogeneity is still lost.  Additionally, regardless of the condition of the 
sediment used, the constrained nature of the water column may impose a further degree 
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of artificiality, as water movement is greatly reduced, impacting hydrologic effects 
relevant to nutrient cycling such as sedimentation, redeposition, and scouring (McCave 
1986, Graf and Rosenberg 1997, McKee et al. 2004).   
Multiple studies have examined these issues and noted that observations can vary 
because of them.  The studies by Hewitt et al. (1998) and Dethier and Schoch (2005), 
both determined that the scale at which observations were made had an impact on the 
observations.   Asmus et al. (1998) observed that the degree to which field conditions 
were mimicked had an impact, and Hewitt et al. (2002), Waldbusser et al. (2004), and 
Dyson et al. (2007) all noted that observations varied in relation to the heterogeneity of 
the conditions present.  It follows, then, that conditions within small, homogeneous 
microcosms capable only of representing a limited subset of field conditions would differ 
from the conditions present at a field site.   
 
1.6  Scope & Objectives 
We proposed to test the hypothesis that conditions varied between microcosms 
and a field site.  Our specific questions included:   
• Are observations made at a larger field-level scale comparable to those made in 
small-scale microcosms, or are there scale effects? 
• How does the heterogeneity of benthic conditions in microcosms compare to that 
of field conditions? 
• Are conditions in microcosms in any way anomalous compared to field 
conditions, given the artificial nature of microcosms? 
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To fully examine these questions, we estimated the coarse variation of benthic 
conditions present in a small estuary using remote sensing and image classification, 
designed a sampling strategy to encompass that variation, implemented the sampling 
strategy, and compared the results to those of comparable small-scale experimental 
studies.  We used geostatistical methods to interpolate our field results so as to fill in 
areas we were unable to sample, and used these model surfaces to examine the 
relationships between the examined variables.  Finally, we evaluated several aspects of 
the modeling process to identify suitability and areas for improvement.   
 
  
2 MATERIALS AND METHODS 
2.1 Background / Study Site 
West Falmouth Harbor is a small (~200ha), shallow (<4m), estuary located in the 
southwestern corner of Cape Cod, in southeastern Massachusetts, USA (Figure 1A).  It is 
comprised of three sub-basins, the Inner Harbor, also called Snug Harbor (abbreviated 
hereafter as IH), the South Harbor (SoH), and the Outer Harbor (OH) (Teixeira et al. 
2008) (Figure 1B).  The estuary is currently undergoing eutrophication, due primarily to 
an influx of nitrogen-rich groundwater (Howes et al. 2006), which enters the harbor from 
the northeast, impacting most strongly the IH (Kroeger et al. 2006).   
Conditions within the different inner portions of the estuary differ noticeably, 
despite a similarity in water depth.  The IH has fine-grained sediments, approximately 
40% seagrass cover, low macroalgal biomass (<20 g m-2) and moderate benthic 
microalgal chlorophyll a (51 mg m-2).  In contrast, the SoH includes coarse-grained 
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sediment and has a complete absence of seagrass cover and macroalgal biomass and high 
benthic microalgal chlorophyll a (108 mg m-2).  Oxygen consumption rates are typically 
higher in the IH (Tyler et al. unpub. data).   
 
2.2 Estimating & Sampling for Field Heterogeneity 
Estimating Heterogeneity 
We estimated the coarse variation of benthic conditions by identifying spectral 
classes in multi-band aerial photographs of WFH.  This classification process was 
performed using The Spatial Analyst extension in ArcGIS 9.3 (ESRI; Redlands, CA).  
Georeferenced aerial photos from the Massachusetts Geographic Information System 
(MassGIS) website (www.mass.gov/mgis/) were analyzed using an unsupervised 
classification, and the resulting classes were manually digitized into vector polygons 
(Figure 1C).  A bathymetric point dataset from the National Oceanic and Atmospheric 
Administration (NOAA) showing depth to substrate in relation to the mean low water 
(MLW) datum was added to the map and interpolated into a surface using an inversed 
distance-weighted method.   
The depth surface was displayed in a binary fashion as “shallow” and “deep”; 
depths were considered shallow if the distance below MLW was less than one meter, 
deep if it was greater than one meter.  A threshold depth of 1 m was chosen to attempt to 
encompass the habitat variation caused by the presence of the seagrass Zostera marina; 
examination of publicly-available seagrass distribution maps from MassGIS and the 
previously mentioned NOAA bathymetric dataset suggested that Z. marina might be 
limited to depths shallower than approximately 1 m in the inner portions of WFH, a 
possibility corroborated by other studies (Costa 1988, Duarte 1991).  The interpolated 
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depth surface was superimposed on the classification layer and traced during a manual 
digitization process that split the classes around the one meter MLW depth (Figure 1C).   
Sampling Strategy Design 
Sampling sites were chosen in a stratified random fashion using the classifications 
as strata.  Points were randomly generated at least 40 m apart, with a minimum of four 
points per stratum to encompass variation of field conditions.  Due to stratum geometry, 
random placement of sufficient points was not possible in all strata; to compensate, some 
points were manually placed, using a minimum separation distance of 20 m.  To avoid 
duplicate sampling with a concurrent survey, sites were placed at least 20 m away from 
the sampling sites from that survey (Figure 1C).  The minimum number of sites required 
was determined by assuming variation could be captured by encompassing 1% of the area 
of each sub-basin.  Based on previous work, it was assumed that each site could be said 
to represent a 3 m-radius circle of approximately 30 m2 area.   
 
2.3 Measuring Field Heterogeneity 
Data Collection 
Depth was measured as the distance from the water surface to the substrate using 
a sounding rod marked in 0.1 m increments.  Date and time were recorded for later tidal 
stage correction.  Seagrass presence/absence was noted via visual survey except where 
water turbidity prevented visual assessment; in such cases tactile surveys of two 1.5 m-
diameter areas at each site were used to assess for seagrass presence.   
Samples were taken at a station located at the center of each 30 m2 site.  Three 15 
cm deep replicate sediment cores were collected per station, using a large-bore sediment 
corer (Aquatic Research Instruments, www.aquaticresearch.com) holding cylindrical 
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30cm long x 9.5cm diameter polycarbonate cores.  Collected cores were stored in the 
dark and on ice during transport back to the laboratory.   
One replicate core from each site was prepared as described in Tyler et al. (2001).  
Each core was drained of overlying water and refilled with fresh seawater, wrapped in 
aluminum foil and placed in a recirculating seawater tank (28 - 30 ppt salinity, 17 - 20°C 
temperature).  Cores were each sealed with a polycarbonate lid equipped with a sampling 
port; oxygen stratification within the cores was prevented by use of magnetic stir-bars 
suspended from the lids and rotated at 60 rpm by an external magnet attached to a motor.  
Water column oxygen levels were measured in the dark at two to three intervals with a 
Hach HQ40d meter (LBOD101 probe) to determine rate of change.  Oxygen flux rates 
were based on change in concentration over time, standardized to the sediment surface 
area.  Calculated rates were adjusted to account for water replacement following each 
sampling event.   
Following completion of the oxygen flux measurements, cores were sieved 
through one mm mesh screens, and captured contents were fixed in a solution of 10% 
formalin and 1% Rose Bengal, then transferred to 70% ethanol for long-term preservation 
and storage.  A second core taken at each field site was treated in the same manner in 
order to provide an additional replicate, but the additional cores were not included in the 
analysis.  Organisms were separated from benthic materials and identified to species 
under a dissection microscope (magnification 10-70x).  Target organisms (see Table 1) 
were further identified to the species level according to Abbot (1968), Gosner (1971, 
1978), Meinkoth (1998), and Pollock (1998).   
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The third core from each site was drained of its water column, leaving the 
sediment completely saturated, and destructively sampled for sediment characteristics 
(porewater ammonium, benthic chlorophyll a, organic matter, and grain size).  Porewater 
samples of approximately 2.5 mL were collected at a depth of 4 cm below the sediment 
surface using stainless steel probes (2 mm diameter) and a syringe-and-tubing system as 
per Berg and McGlathery (2001).  Collected samples were filtered through a Supor 0.45 
μm membrane filter, and immediately frozen at -20°C.  Subsequent analysis for 
ammonium concentration was done using methods adapted from Solorzano (1969).   
Following porewater extraction, benthic chlorophyll-a samples were taken with a 
modified 5cc syringe-corer (0-1cm depth), and placed in aluminum foil-wrapped 
centrifuge tubes.  Samples were kept on ice and in the dark during transfer to a -80C 
freezer for storage until later analysis.  During analysis, samples were immersed in 90% 
acetone and sonicated to extract the photopigments, then examined on a 
spectrophotometer and analyzed following the methods outlined by Strickland and 
Parsons (1972).  Concentration of chlorophyll-a was calculated using the methods of 
Lorenzen (1967).   
Organic matter samples were collected with a modified 60 cc syringe-corer (0-10 
cm depth), placed in sealable plastic bags, and kept frozen until analysis.  Sediment 
organic content was determined using the “loss on ignition” method.  Frozen samples 
were dried at 60°C for 48 hours, transferred to tared aluminum vessels, and weighed.  
They were then transferred to a muffle furnace, kept at 500°C for four hours, removed, 
and reweighed.  Organic content was determined as the difference between dry weight 
and ashed weight, and reported as a percentage of the dry weight.   
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Grain size samples were weighed in the same fashion as organic matter samples, 
and examined using a modification of the methods presented in Poppe et al. (2001)  Each 
dried sample was transferred to a sieve tower consisting of a #10 sieve (2 mm opening 
mesh), a #230 sieve (0.064 mm opening mesh), and a solid catch pan, to capture gravel, 
sand, and mud (silt and clay), respectively (see Doeglas 1968).  The sieves were placed in 
a shaker and agitated to separate the sediment particles.   
Preliminary investigation demonstrated that an hour was necessary to allow for 
full separation.  Samples were limited to approximately 40g to avoid overloading the 
sieves, as recommended by Twenhofel and Tyler (1941).  Percent composition was 
determined by the mass proportions of each sediment size (gravel, sand, mud) to the 
whole sample.  The true mass of the mud was determined by subtracting the mass of salt 
calculated to be in the saturated sample from the measured mass of the mud.  Salt mass 
was calculated based on the volume of water removed from the original sample and the 
average salinity of the water (as per Poppe et al. 2001).    
Sediments were classified by type (gravelly sand, sandy mud, etc.) based on 
percent composition of each grain size according to Folk (1954) (reported in Table 2).  
Grain size measurements were converted to mean grain size to provide a single numerical 
descriptor, using a modified version of the method used by Snelder et al. (2011).  Particle 
diameter ranges from Doeglas (1968) were used to calculate average particle diameter for 
each classification (gravel, sand, mud).  These values were then weighted by the 
proportion of sediment at a site classified as gravel, sand, or mud to estimate an average 
grain size for all the sediment at each site (see Table 3).   
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Data adjustments 
Water depth measurements were recorded as distance between water surface and 
substrate, and had to be adjusted to correct for tide level and disparate vertical datums.  
The tidal correction was made by subtracting the tide level for WFH at the date and time 
of each recorded measurement from the measured depth values at each sampling location.  
Tide level values (the distance from the water surface to the MLLW (mean lower low 
water) datum), were estimated using the harmonic tide prediction software WTides 
(www.wtides.com/) and the time and date of sample collection.  Tidal predictions were 
used instead of recorded tide level data as recorded data were not available for WFH at a 
useful frequency for the time of interest.  The reference datum was adjusted by adding the 
difference between the MLW (mean low water) and MLLW datums (as calculated by 
NOAA) to the calculated depths, resulting in depth measurements from water surface to 
the MLW datum.   
 
2.4 GIS Analysis 
Data recorded for each sampling site were entered into a GIS and displayed in a 
map format.  Oxygen flux data were converted to positive values to represent 
consumption rates instead of directional flux rates.  Ammonium concentration data were 
adjusted to eliminate zero values by manually assigning a value of 0.001 μM to any 
sampling point with a value of zero μM.  All other sediment characteristic data were 
entered directly without adjustments.  Seagrass presence/absence data were converted 
from text values (‘present’ or ‘absent’) to numeric data (‘0’ or ‘1’) and entered.  Based on 
spatial clustering, the recorded sampling sites were divided into three regions: the Inner 
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Harbor, and northern and southern portions of the South Harbor.  They will be 
abbreviated hereafter as IH, SoH (N) and SoH (S).  The data points within each 
subsection were used to create an interpolated surface for the oxygen and sediment 
characteristic data.   
Oxygen flux and sediment characteristic variables were transformed as necessary 
to reduce variance and to approximate normality as closely as possible.  Box-Cox 
transformations were used, with power coefficients iteratively chosen based on skewness 
and kurtosis values.  The data were interpolated using ordinary kriging without trend 
removal.  Semivariogram models were optimized based on defaults determined by 
iterative cross validation, then manually adjusted.  Lag size and count were altered as 
necessary to generate a more appropriate model, using the minimum and maximum 
neighbor distances as reference points.  Invertebrate densities were treated the same way, 
without transformation.  The interpolations of oxygen and sediment characteristic data 
may be seen in Figures 2 and 3.  Interpolations of invertebrate density are demonstrated 
in Figures 4 – 6.    
Surfaces were exported as raster images, using a 1 m pixel size.  Principal 
components analysis (PCA) was run on the rasters using the Spatial Analyst Extension in 
ArcGIS v10.0 to examine correlations.  The resulting correlation matrix was used to 
determine directionality and significance of relationships between the examined 
variables, and is reported in Tables 4 – 6.   
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2.5 Microcosm Studies 
 We compared our field observations to those made during ten microcosm studies 
that used sediment and invertebrates from WFH.  While performed by multiple 
investigators, the studies all used similar methods.  Sediment was collected to a depth of 
10 cm from a single site using 9.5 cm diameter polycarbonate cores, and underwent one 
of three treatments.  The “intact” treatment consisted of performing measurements 
directly on the cores as they were collected from the harbor.  The “stratified and 
homogenized” treatment involved sectioning the sediment from each collected core by 
depth (0-2, 2-5, and 5-10 cm from the surface) and homogenizing each layer.  
Microcosms were filled with the layered sediment as appropriate to reconstruct the 
stratification.  The “homogenized” treatment consisted of homogenizing collected 
sediment irrespective of depth, and using it to construct the microcosms.  Oxygen 
consumption, porewater ammonium, benthic chlorophyll a, and sediment organic matter 
were all measured as described in section 2.4, with the exception that the make and 
model of the probe used to measure oxygen concentration varied.   
The reported microcosm observations were compared to measurements taken on 
cores collected from approximately the same locations as the sediment for the 
microcosms.  Results from the studies that used manipulated (stratified/homogenized) IH 
sediment were compared to three field survey sites (ID = 10, 16, 30) taken from that 
region, while microcosms that used intact IH sediment were compared to four other 
survey sites (ID = 2, 3, 4, 34), and SoH sediment microcosms were compared to three 
additional sites (ID = 66, 83, 84).  Observations from the field/microcosm comparison are 
reported in Figures 7 – 9, and the original results of the microcosm studies are reported in 
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Appendix B.  The field survey sites closest to the areas where sediment was collected for 
the microcosm experiments were characterized based on the benthic conditions to 
provide a more complete presentation of the conditions at those locations; a summary of 
the benthic conditions in these areas is presented in Table 9.   
 
2.6 Model Evaluation 
The modeling process was evaluated by identifying potential sources of error and 
determining whether they appeared to noticeably degrade the model results. To check for 
location errors in siting the sampling stations, we recorded the location of a subset of the 
stations at time of sample collection, and compared the ‘intended’ and ‘collected’ 
locations based on a simple distance discrepancy.  We also manually examined the 
encompassing sampling strata of both locations for each station to determine if any of the 
stations had shifted from one stratum to another, potentially causing under- or over-
sampling.   
In order to evaluate the accuracy of the interpolated NOAA bathymetry dataset 
and thus identify a source of potential weakness in the initial heterogeneity estimation 
model, we compared measured depth values to those of the interpolated dataset.  We 
looked primarily for large disagreements between the interpolated and measured depths, 
which would indicate that the interpolated bathymetry values were inaccurate, and the 
classification of the coarse variation of field conditions suspect, since it had used an 
inaccurate measure.  We compared our collected values for seagrass presence/absence to 
those of a dataset compiled by MassGIS, in order to identify blatant weakness in our 
sampling technique.  Finally, we calculated and examined root mean square error for 
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each of the interpolated surfaces in order to evaluate their accuracy, and considered the 
correlations between interpolated surfaces in order to validate the use of interpolated 
surfaces in modeling benthic estuarine conditions.  Adjusted measured depth values were 
compared to depth values as determined by the interpolation of the NOAA bathymetric 
dataset.  Each sampling point was assigned the value of the interpolated surface at that 
location, and the two depth values compared by calculating Pearson’s correlation 
coefficient.   
Seagrass presence/absence data were compared in a similar fashion, using the 
most recent seagrass distribution map available from MassGIS.  The sampling points at 
which seagrass presence/absence data were collected were assigned the values as 
determined by the MassGIS survey indicating presence or absence, and agreement 
between the measured values and the MassGIS values evaluated manually, with results 
reported both as percent agreement and by calculating Pearson’s correlation coefficient.   
To examine the accuracy of the interpolated surfaces, we calculated the Root 
Mean Square Error (RMSE) for each surface in order to measure the discrepancy 
between measured and predicted values.  RMSE was automatically calculated within 
ArcGIS using the standard formula; the difference between the measured values and the 
predictions at those locations was calculated to generate the residual error, and the RMSE 
was calculated by taking the square root of the squared average of all the residual errors 
(Benestad et al. 2008).  Results are reported in Table 7.  Correlations among the 
interpolated surfaces were examined by comparing the strong correlations with known 





3.1 Estimating & Sampling for Field Heterogeneity 
 The unsupervised classification differentiated between four classes within the IH 
and five within the SoH (Figure 1C).  Two of the classes in the IH closely followed the 
shoreline, with one predominantly closer to shore than the other, though neither 
encompassed a particularly large geographic extent.  The third IH class primarily 
comprised the area within the centermost portion of the sub-basin.  The fourth class 
encompassed the area of the IH farthest from the mouth of the estuary, and extended 
down the sides of the sub-basin between the centermost class and the ones along the 
shoreline.  Differentiating the classes by depth affected only the two classes farthest from 
the shoreline.  The portions of the split classes that encompassed depths greater than 1 m 
MLW were limited in extent, consisting only of isolated “holes”.   
 As in the IH, two of the five SoH classes closely followed the shoreline.  
However, unlike the IH, both classes comprised a much large proportion of the perimeter 
of the sub-basin, and extended farther from the shoreline.  Two additional classes covered 
the bulk of the SoH, located farther away from the shoreline; the dividing line between 
the classes ran roughly down the center of the sub-basin.  The fifth differentiated class 
consisted of a series of small isolated areas in the innermost portion of the sub-basin, 
located away from the shoreline.   
 Splitting the classes by depth divided the three classes farthest from shore, as 
areas of greater depth were located in the center portion of the sub-basin.  A greater 
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proportion of the SoH relative to the IH had a depth of 1 m MLW or deeper, resulting in 
depth-differentiated classes that were larger and less isolated. 
 The generated sampling scheme consisted of 45 sites in the IH and 68 in the SoH.   
The number of sampling sites per stratum was roughly proportional to the area of the 
harbor represented by the stratum.  Sites per stratum ranged from 4 to 16 in the IH, and 4 
to 21 in the SoH (Figure 1C).   
 
3.2 Field Heterogeneity 
Due to weather and equipment problems during the study, fewer sites were 
sampled than were originally designated.  Sampling effort was focused on sites within the 
strata that encompassed the majority of each sub-basin.  In the IH, 34 of the original 45 
sites were sampled, and in the SoH, 43 of the 68 original sites were sampled.  Not all 
variables were measured at all sites (see Table 8), primarily due to difficulties with 
equipment that occurred while measuring oxygen consumption and porewater 
ammonium, and collecting sub-samples for chlorophyll a, organic matter, and grain size 
measurements.   
 The IH was characterized by high benthic chlorophyll a, high oxygen 
consumption, and high porewater ammonium.  Sediments were fine- to medium-grained, 
composed primarily of sand and mud, with a high organic content.  The SoH had low 
benthic chlorophyll a, low oxygen consumption, and low porewater ammonium.  
Sediments were similar to those of the IH, though more homogenous, both in terms of 
grain size and organic content.    
 21
Chlorophyll measurements in the IH and SoH (N) were similar (mean 72 +/- 74 
SD and mean 74 +/- 88 mg m-2 SD, respectively) and differed from the measurements in 
the SoH (S) (41 +/- 32 mg m-2).  Oxygen consumption rates were comparable in all 
regions, averaging 3.9, 3.6, and 3.3 mmol m-2 h-1 in the IH, SoH (N) and SoH (S), 
respectively.  Sediment porewater ammonium concentrations were similar in the IH and 
SoH (N) (means 61 and 60 μM, respectively) and lower in the SoH (S) (mean 30 μM).  
Sediment percent organic matter was highest in the IH (mean 7.0%) and lowest in the 
SoH (N) (mean 3.2%), with the SoH (S) averaging 5.0%.  
Percent composition sediment classification divided the sediments into eight 
classes, ranging from “gravelly sand”, through “slightly gravelly sandy mud” to “sandy 
mud”.  The majority of the IH was either gravelly sand (28.6 % cover) or slightly 
gravelly muddy sand (38.1 % cover).  The SoH (N) was characterized by slightly gravelly 
sand, slightly gravelly muddy sand, and muddy sand (25.0, 33.3, and 15.7 % cover, 
respectively).  The SoH (S) was primarily muddy sand (40.7 % cover) and slightly 
gravelly sand (18.5 % cover).  Additional sediment classes represented 0.0 to 11.1 % 
cover (Table 2). Average grain size was highest in the IH (mean 1.7 mm), similar in the 
SoH (N) (mean 1.6 mm), and lowest in the SoH (S) (mean 1.0 mm). 
Invertebrate species of interest included three bivalves, one gastropod, and five 
polychaete worms (see Table 1).  Of the bivalves, G. gemma was present in the IH and 
SoH (S) (max. densities of 35,000 and 3,000 individuals m-2, respectively), while M. 
mercenaria was present only in the SoH (N) (max. density 140 individuals m-2).  I. 
obsoleta, the only gastropod of interest, was present only in the IH (max. density 290 
individuals m-2).  A. succinea was present in all three sub-basins (max. density 860, 140, 
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and 430 individuals m-2 in the IH, SoH (N), and SoH (S), respectively) as were C. 
capitata, (max. densities 4710, 290, and 1140 individuals m-2) and H. diversicolor (max. 
density 1140, 430, 570 individuals m-2).  S. acutus was present only in the IH (max. 
density 140 individuals m-2), and A. virens was absent from all three sub-basins.   
Species abundance was highest in the IH and SoH (S), with differing assemblages 
of six of the nine species present.  Only three of the target species were present in the 
SoH (N).  Average densities were also generally highest in the IH, moderate in the SoH 
(S), and lowest in the SoH (see Table 1).   
 
3.3 GIS Analysis 
Interpolations 
 Interpolated benthic chlorophyll a values (Figure 2A) decreased from north to 
south, with a mean value of 75 mg m-2 (+/- 59 mg m-2 SD) in the IH, 49 mg m-2 (+/- 14 
mg m-2) in the SoH (N), and 35 mg m-2 (+/- 13 mg m-2) in the SoH (S).  Oxygen 
consumption (Figure 2B) was also highest in the IH (3.6 +/- 0.4 mmol m-2 h-1), while the 
SoH (N) and SoH (S) were lower (2.7 +/- 0.3 mmol m-2 h-1 and 2.8 +/- 0.1 mmol m-2 h-1, 
respectively).  Porewater ammonium (Figure 2C) was highest in the IH and SoH (N) (59 
+/- 28 μM and 57 +/- 5 μM, respectively) and lower in the SoH (S) (18 +/- 8 μM).  
Sediment organic matter content (Figure 2D) was highest in the IH (7.6 +/- 0.7 % wt), 
lowest in the SoH (N) (2.7 +/- 1.1 % wt), and moderate in the SoH (S) (5.3 +/- 2.1 % wt).   
 Average grain size (Figure 3A) was roughly comparable across all regions, (1.8 
+/- 1.0 mm in the IH, 1.3 +/- 0.2 mm in the SoH (N), and 1.4 +/- 0.9 mm in the SoH (S)) , 
though some areas were more heterogeneous than others.  Percent sand composition 
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(Figure 3B) was highest in the SoH (N) (81.3 +/- 5.2 % wt) and lower in the IH (66.5 +/- 
1.8 % wt) and SoH (S) (72.4 +/- 10.8).  Percent mud composition (Figure 3C) of the -
sediments was highest in the IH and SoH (S) (27.9 +/- 3.1 % wt, and 25.2 +/- 10.0 % wt, 
respectively) and lower in the SoH (N) (14.9 +/- 7.4).  Percent gravel composition is not 
reported, because the interpolation was highly inaccurate (as determined by prediction 
error calculations; see section 3.5) indicating that the results were unreliable.   
Spatial Correlations 
 Correlations (Tables 4 – 6) between the interpolated datasets varied from region 
to region, but several relationships stood out.  Oxygen consumption was negatively 
correlated with benthic chlorophyll a (SoH (N), R = -0.86) and average grain size was 
negatively correlated with sediment organic matter (SoH (N), R = -0.82).  Component 
sediment particles were also individually correlated with other variables, as with the 
correlation between percent mud and sediment organic matter (SoH (N), R = 0.95; SoH 
(S), R = 0.86), and the one between percent sand and oxygen consumption (SoH (N), R = 
0.73).  Other strong correlations existed, but were primarily between variables calculated 
directly from one another, or from the same base variable (eg. percent mud vs. average 
grain size, or percent mud vs. percent sand; see Tables 4-6).   
 Interpolated invertebrate densities were strongly correlated primarily with 
densities of other invertebrates, as opposed to environmental variables, though C. 
capitata density was correlated with oxygen consumption in the IH (R=0.74) and benthic 
chlorophyll a in the SoH (N) (R=-0.71).  In terms of correlations between invertebrate 
densities, C. capitata density was correlated positively with the density of G. gemma (R= 
-0.80) and H. diversicolor (R = 0.89) in the IH, and negatively with the density of H. 
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diversicolor in the SoH (N) (R = -0.71).  Similarly, M. arenaria and A. succinea were 
correlated (IH, R = 0.76), as were H. diversicolor and G. gemma (IH, R = -0.70).   Aside 
from the C. capitata / H. diversicolor correlation, none of the invertebrate densities were 
strongly correlated in the SoH (N), but H. diversicolor and A. succinea were strongly 
correlated in the SoH (S) (R = 0.86), as were M. mercenaria and C. capitata (R = 0.92).    
 
3.4 Microcosm Studies 
Characterization of Sediment Collection Sites 
 The sediment collection site for the IH intact microcosms was characterized by 
moderate oxygen consumption rates (3.6 +/- 2.1 mmol m-2 h-1), porewater ammonium 
concentration (40 +/- 43 μM), and benthic microalgal chlorophyll a (68 +/- 52 mg m-2), 
and high sediment organic matter (8.7 +/- 1.4 %wt).  Sediments were fine-grained 
(average grain size 0.8 +/- 0.3 mm), composed mostly of sand (59.4 +/- 18.7 %wt) and 
mud (39.6 +/- 19.5 %wt), with minimal gravel (1.0 +/- 0.8 %wt), and classified as either 
“slightly gravelly muddy sand” or “slightly gravelly sandy mud” (see Table 9).    This 
region was representative of 42.9% of the sampled area of the IH, based on sediment 
classification (see Table 2).   
  The IH homogenized/stratified sediment collection site was characterized 
by moderate oxygen consumption rates (3.4 +/- 1.5 mmol m-2 h-1), and porewater 
ammonium concentration (26 +/- 39 μM), high benthic microalgal chlorophyll a (129 +/- 
84 mg m-2), and low sediment organic matter (1.9 +/- 1.7 %wt).  Sediments were coarser-
grained than the intact sediment collection site, (average grain size 1.8 +/- 0.8 mm), and 
composed mostly of sand (84.6 +/- 5.6 %wt) with minimal mud (9.4 +/- 9.9 %wt) and 
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gravel (6.0 +/- 4.4 %wt), and classified as either “gravelly muddy sand” or “slightly 
gravelly muddy sand” (see Table 9).    This region was representative of 47.6% of the 
sampled area of the IH based on sediment classification, including 38.1% sampled area 
also represented by the intact sediment collection site (see Table 2).   
 The sediment collection site for the SoH manipulated sediment microcosms was 
characterized by low oxygen consumption rates (2.3 +/- 0.3 mmol m-2 h-1), moderate 
porewater ammonium concentration (38 +/- 29 μM), and low benthic microalgal 
chlorophyll a (36 +/- 27 mg m-2).  Sediments were medium-grained (average grain size 
1.0 +/- 0.2 mm), composed mostly of sand (90.3 +/- 15.5) with minimal mud (9.6 +/- 15.6 
%wt), and gravel (0.1 +/- 0.2 %wt), and classified as either “muddy sand” or “slightly 
gravelly sand” (see Table 9).    This region was representative of 41.7% of the sampled 
area of the SoH, based on sediment classification (see Table 2).   
Experimental Observations and Comparison with Field Conditions 
Average dark oxygen consumption rates in microcosms with IH sediment ranged 
from 1.1-9.3 mmol m-2 h-1 when the sediments were completely homogenized, 2.9-7.3 
mmol m-2 h-1 when sediment stratification was maintained but sediment within each 
vertical stratum was homogenized (Figure 7A), and 2.7-8.1 mmol m-2 h-1 when the 
sediment was left completely undisturbed (Figure 8A).  This compared to a range of field 
values of 2.5 – 5.2 mmol m-2 h-1 for the location where the homogenized and stratified 
microcosm sediment was collected, and 1.2 – 5.4 mmol m-2 h-1 for the area where the 
intact cores were collected (see again Figures 7A and 8A).  Benthic chlorophyll a 
measurements in stratified and homogenized sediments encompassed comparable ranges 
(182-263 mg m-2 and 163-227 mg m-2, respectively) and compared to a range of 51-218 
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mg m-2 for the collection area (Figure 7B).  Porewater ammonium concentrations (range 
225-386 μM for stratified sediments; 108-323 μM for intact sediments) compared to a 
range of 2-71 μM (stratified collection area) and 0-84 μM (intact collection area), 
respectively (Figures 7C and 8B).   
 Oxygen consumption rates in SoH experiments ranged from 1.5-2.3 mmol m-2 h-1 
for homogenized sediment microcosms, and 1.0-4.8 mmol m-2 h-1 for stratified 
microcosms.  These compared to a field range of 2.1-2.7 mmol m-2 h-1(Figure 9A).  
Benthic chlorophyll a measures were observed within ranges of 30-196 mg m-2 in 
stratified sediment experiments and 72-167 mg m-2 in homogenized sediment 
experiments, and compared to a field range of 27.7–67.0 mg m-2 (Figure 9B).  Porewater 
ammonium concentrations ranged from 841-1,690 μM in homogenized sediments, and 
28-1562 μM in stratified sediments, and compared to a field range of 50.0-58.9 μM 
(Figure 9C).   
 Invertebrate densities used in the manipulative experiments differed from those 
found in the field.  Of the invertebrates considered in the field survey, only three (A. 
virens, I. obsoleta, and M. mercenaria) were used in IH experiments, and five (A. virens, 
G. gemma, I. obsoleta, M. mercenaria, and P. gouldii) in SoH experiments.  In IH 
sediment microcosms, A. virens was not added to stratified or homogenized sediments, 
and ranged from 0-290 individuals m-2 in intact IH sediments, comparing to a complete 
absence in the field survey cores from those sediment collection sites.    I. obsoleta was 
used only in homogenized sediment microcosms, in a range of 0 – 320 individuals m-2, 
but was absent from the field.  M. mercenaria was absent from both sediment collection 
sites, and used in ranges of 0-290 individuals m-2 in stratified sediments, 0-320 
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individuals m-2 in homogenized sediments, and 0-290 individuals m-2 in intact sediments 
(see Table 10).   
 A. virens was added to stratified SoH sediment microcosms in a density range of 
0-290 individuals m-2, was not used in homogenized microcosms, and was absent from 
the sediment collection site survey cores.  G. gemma was used only in stratified 
microcosms, in a range of 0-4290 individuals m-2, and compared to an observed field 
density range of 290-570 individuals m-2.  I. obsoleta was used in both stratified and 
homogenized microcosms at densities between 0 and 570 individuals m-2 in, but was 
absent from the sediment collection site.  M. mercenaria was added to stratified 
microcosms at densities of 0-290 individuals m-2 and to homogenized microcosms at 0-
430 individuals m-2, and was absent from the field.  P. gouldii was used at densities 
between 0 and 290 individuals m-2 in, but was not present at the sediment collection sites 
(Table 10).   
 
3.5 Model Evaluation 
Depth 
 Interpolated NOAA depth values within the IH were strongly correlated with the 
observed depth values (R = 0.86).  In contrast, the correlation in the SoH was not nearly 
as strong, indicating less agreement (R = 0.65).  The discrepancy ranged from 0.0 m to 
1.1 m in the SoH, and from 0.0 m to 0.6 m in the IH.  Sites with the greatest discrepancy 
were not clustered, and instead were scattered randomly across the harbor.   
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Seagrass 
 Agreement between our collected data and the distribution as determined by 
MassGIS was 85% in the IH (Pearson R = 0.7), and 100% in the SoH (Pearson R = 1.0).  
Of the 28 sites sampled in the IH, 8 agreed on presence, and 16 agreed on absence.  We 
found no seagrass at three of the sites, despite their location within areas where the 
MassGIS data indicated seagrass coverage.  One of the sites had seagrass, but fell outside 
the extent of the vegetated areas as determined by MassGIS.  All 40 of the sampled sites 
in the SoH lacked seagrass, which agreed with the distribution determined by MassGIS.   
Geostatistics 
 The RMSE (root mean square error) of the interpolated surfaces of invertebrate 
densities in the IH varied from 16% of the range (M. arenaria) to 102% (C. capitata).  
SoH (N) RMSE values ranged from 14% (H. diversicolor) to 224% (A. succinea).  In the 
SOH (S), RMSE varied from 16% (C. capitata) to 191% (P. gouldii).  For the 
interpolated surfaces of the environmental conditions, RMSE ranged from 21% range 
(chlorophyll a) to 146% (percent sand) in the IH and 53% (sediment organic matter) to 
148% (chlorophyll a) in the SoH (N).  SoH (S) RMSE varied from 8% (average grain 
size) to 235% (oxygen consumption) (see Table 7).   
Spatial accuracy 
 The location of the sampling sites shifted from their original locations by an 
average of 6.3 m for those sampling sites for which both initial and final coordinates were 
taken.  The spatial shift ranged from less than 0.01 m to 22.8 m, with 38% of sites being 
within 1 m of their original location.  An additional 10% of sites were within 5 m of their 
original location, and another 30% were within 10 m.   
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 While most of the examined sites remained within the intended stratum despite 
their movement, 4 sites in the IH and 5 in the SoH moved from one stratum to another 
between designation and sampling.  This cross-boundary movement resulted in under-




4.1 Field Heterogeneity & GIS Analysis 
 The conditions within the sub-basins appear to be well characterized by the 
variables we examined.  High oxygen consumption generally corresponded to high 
sediment organic content, verifying our expectations.  The inner portion of the IH is 
prone to large macroalgal blooms; this explains both the source of the organic detritus 
within the sediment, and the cause for the high oxygen consumption observed, given the 
high biological oxygen demand generated by the decomposition of senesced macroalgae.   
The low grain size may help to explain the high porewater ammonium, as silt and 
clay particles more readily adsorb ammonium than sand or gravel (Berman and Bronk 
2003), and therefore minimize nutrient migration within the sediments.  However, it is 
likely that the hydrodynamics of the estuary are the primary cause.  The IH is not well 
flushed, with a residence time of 5 days (Howes et al. 2006), meaning that the slower-
settling silts and clays are not removed with tidal or current action, and instead 
accumulate.  The accumulation of small sediment particles would include mineralized 
nitrogen, explaining the high ammonium concentrations.  Similar conditions may be one 
of the causes for the high sediment organic content; while it is highly likely that the 
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source of organic material is the senescing macroalgae (Howes et al. 2006), it is probable 
that it is the hydrodynamic conditions are what allow the organic material to settle, 
instead of being flushed out of the sub-basin.  Likewise, hydrodynamics may explain the 
higher benthic chlorophyll a present in the innermost portions of the sub-basin, as less 
scouring would mean that benthic microalgae are able to grow without being hindered by 
periodic resuspension.   
 The homogeneity of oxygen consumption and porewater ammonium in the SoH 
obfuscated the patterns observed in the IH, but the higher variation of sediment 
composition reinforces the patterns among the sediment characteristics.  Low average 
grain size in isolated areas is readily explained by the high mud composition of 
corresponding locations within the SoH, and the organic nature of the sediment in those 
areas explains the existence of the thick mud present.  The hydrodynamic conditions and 
shorter residence time (2.3 days) of the SoH (Howes et al. 2006) may explain the 
sediment distribution as in the IH; the presence of coarser sediments along the edges of 
the sub-basin suggests that greater scouring occurs in those areas, removing the lighter 
clay and silt and leaving primarily the heavier sand.   
 The paucity of strong correlations between the environmental variables and the 
invertebrates present was surprising, as the variables were chosen in part under the 
assumption that they could be used to characterize local habitats.  C. capitata’s location 
in areas of high oxygen consumption in the IH was expected, as it is highly tolerant of 
eutrophic conditions (Pearson and Rosenberg 1978), but the pattern of higher abundance 
in areas of lower benthic chlorophyll a was not expected, and in fact appears to contradict 
the first pattern, as the highest benthic chlorophyll a readings were taken in areas with 
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higher oxygen consumption.  It may be that benthic microalgal density (and hence the 
chlorophyll a) is low due to shading effects by the macroalgae (Sundback et al. 1990), 
but an equally likely explanation is that sampling density was insufficient to capture the 
complete variation of C. capitata abundance, and the surface interpolated from the 
available dataset is incomplete (see section 4.3, Model Evaluation).   
 The positive correlation between the abundance of H. diversicolor and A. 
succinea suggested that both generalist species were distributed within similar 
environments, but the lack of strong correlations with environmental conditions prevents 
drawing conclusions on the characteristics of those environments.  The similar positive 
correlation between C. capitata and H. diversicolor in the IH suggests the same thing, but 
the negative correlation between C. capitata and H. diversicolor in the SoH (N) 
contradicts that.  The positive correlation between C. capitata and M. mercenaria in the 
SoH (S) may be a demonstration of both C. capitata’s tolerance for highly organic 
sediments (Pearson and Rosenberg 1978) and M. mercenaria’s ability to increase the 
organic content of the immediately surrounding sediment (Mojica and Nelson 1993), but 
further study would be required to verify that.  We are at a loss to fully explain either the 
contradictory correlations between C. capitata and H. diversicolor, or the negative 
correlations between G. gemma and both H. diversicolor and C. capitata, other than to 
suggest that the low sample numbers are producing artifacts and that we cannot reliably 
draw conclusions from these results without increasing the sampling effort.   
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4.2 Microcosm Studies 
 The three physico-chemical characteristics we used to compare conditions in 
microcosms to those in the field showed some interesting patterns, mostly centered on the 
macroinvertebrates.  Oxygen consumption rates in both IH and SoH sediment 
microcosms were within or close to the range we observed in the field.   However, 
consumption rates tended to increase in the presence of macroinvertebrates, especially P. 
gouldii in SoH sediment microcosms.  This particular pattern was true regardless of 
whether P. gouldii was alone or with other invertebrates; in fact, the effect tended to be 
more pronounced when additional species were present.  A similar pattern is visible with 
M. mercenaria and I. obsoleta in IH sediment.  A reversed pattern is visible in porewater 
ammonium values, again in both harbors; ammonium concentrations generally decreased 
when invertebrates were present, and stronger effects were noticeable when species 
diversity increased.  Benthic chlorophyll a shows less of a pronounced pattern, perhaps 
because individual species affects are more variable.   
 While much of the observed patterns can likely be explained by the individual 
effects of the particular species present (eg. Mojica and Nelson 1993, Gilbert et al. 1995, 
Hansen et al. 1996, Mermillod-Blondin et al. 2004, Papaspyrou et al. 2006), it seems 
likely that an additional explanation applies.  As multiple studies (Raffaelli et al. 2003, 
Waldbusser et al. 2004, Norling et al. 2007, McLenaghan et al. 2011) have noted, 
species-specific effects, while often pronounced, do not always explain the entirety of 
observed effects on the benthos; biodiversity appears to have a measurable impact as 
well, such as through species-species interactions.  This suggests, then, that our trend of 
microcosms conditions more closely approaching the range of field conditions when 
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there are macroinvertebrates, particularly multiple species, present, is attributable to the 
more diverse assemblages more closely mimicking reality.   
 Given the biases inherent in microcosms, this is not unreasonable.  Microcosms 
suffer from constrained water columns, which limits such processes as scouring and 
redeposition (McCave 1986, Graf and Rosenberg 1997) that rely on horizontal water 
movement, and impacts nutrient flux rates and porewater nutrient concentrations (Jahnke 
et al. 2000, McKee et al. 2004).  The lack of water movement means less mixing of the 
boundary sediments occurs, which in turn means that the bioturbation activity of any 
macroinvertebrates present is responsible for the majority of the heterogeneity of the 
conditions present.  Since heterogeneity tends to impact observed conditions (Hewitt et 
al. 2002, Waldbusser et al. 2004, Dyson et al. 2007), it follows that as heterogeneity 
increases, we should see a change in the conditions present.   
 This is particularly pronounced with regards to porewater ammonium.  Yarrington 
(see Appendix B) saw significant differences (up to an order of magnitude) in porewater 
ammonium concentration when comparing the effects of the sipunculan P. gouldii, both 
singly and in multiple species assemblages, to those of the clam M. mercenaria and the 
snail I. obsoleta.  While this primarily has implications for examining the effects of P. 
gouldii in isolation, it also suggests that biodiversity is important; porewater ammonium 
concentrations in microcosms with assemblages of multiple species were 1.5x-2x higher 
than in microcosms with P. gouldii alone, but still 5x-7x lower than in microcosms that 
lacked the sipunculan.  As the density of each species was kept constant across 
treatments, but the overall density of animals was not, the more diverse assemblages were 
 34
also denser with macroinvertebrates, meaning that greater bioturbation and hence greater 
heterogeneity was possible, so it is not surprising that an effect was noticed.    
 The strength of that effect, i.e. the species-specific impact of P. gouldii, is 
interesting, as it suggests that microcosm conditions need not significantly differ from 
reality, despite their artificial nature.  Since the sediment used in microcosms is usually 
homogenized beforehand (eg. Mermillod-Blondin et al. 2004, Papaspyrou et al. 2006), 
chemical gradients within the sediment are often altered (Bonin and Golterman 1990), 
resulting in, for example, the promotion of ammonium formation due to oxygenation.  
This can result in porewater ammonium concentrations significantly higher than anything 
found in a natural system (see Figure 9C and Appendix B, particularly the SoH studies by 
Premo (conducted 2010) and Tyler (conducted 2008)), and may limit the robustness with 
which drawn conclusions may be applied to a represented field system.  However, P. 
gouldii appears to reduce porewater ammonium concentration by up to an order of 
magnitude (see Tyler’s 2008 study and Yarrington’s 2009 study in Appendix B), which 
suggests that it may be possible to create microcosms that don’t differ significantly from 
reality solely by adding this sipunculan, which in turn has implications for increasing the 
robustness and applicability of conclusions derived from such microcosms.   
 The discrepancies noted between field and microcosm densities of P. gouldii and 
the other four species used do not devalue these trends.  While the low densities observed 
in the field at first appear to suggest that most of the animals we targeted are not present 
and thus irrelevant, multiple other studies have confirmed their presence in the region 
(eg. Krassner and Flory 1970, Carmichael et al. 2004, Mahl et al. unpub., McLenaghan et 
al. unpub., Tyler et al. unpub.) and they are generally accepted as being present on and 
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around Cape Cod (Gosner 1971, 1978, Meinkoth 1998).  Distributions are generally 
patchy , both A. virens and P. gouldii are generally found below the sediment depth to 
which we sampled, and M. mercenaria is capable of digging fast enough to escape a 
sediment collection core (Tyler et al. unpub.).  In addition, most of the macroinvertebrate 
densities for the microcosm experiments were chosen to be as high as or slightly higher 
than the highest densities observed in the field, so as to maximize the visibility of any 
effects (eg. McLenaghan et al. 2011, Mahl et al. unpub.).  Thus, the disagreement 
between invertebrate densities in the field and in the microcosms does not invalidate the 
results observed in the microcosms; it merely exemplifies the differences between 
microcosms and the represented field sites.   
 
4.3 Model Evaluation 
Seagrass 
 The relatively high agreement between our seagrass measurements and those 
reported by MassGIS failed to indicate any pronounced weakness in our sampling 
procedure.  The discrepancies observed between the datasets may be due to either 
differences in sampling technique, or to annual changes in seagrass distribution and 
density.  Remote image analysis is generally accepted as an accurate means to examine 
seagrass distributions (eg. Ferguson and Korfmacher 1997, Robbins 1997, Lathrop et al. 
2001, Dekker et al. 2005, Fornes et al. 2006, Wabnitz et al. 2008), but can suffer from 
resolution problems when the image pixel size is equal to or greater than the size of 
habitat patches (Mumby et al. 1999).  However, this is primarily noticed when using 
satellite imagery where pixel sizes in the neighborhood of 10-30 m are common 
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(Pasqualini et al. 2005), and is less of an issue with high resolution aerial photography, 
where pixel sizes may range as low as 5, 2, or even 1 m (eg. Pasqualini et al. 1998, 
Mumby et al. 1999, Costello and Kenworthy 2011).  Given that the MassGIS survey used 
images with an effective pixel size of only 0.85 m, it seems unlikely that image resolution 
is the source of the disagreement.   
 It is more likely that the discrepancy is due to annual changes in seagrass 
distribution.  The MassGIS survey was conducted in 2006-2007 (Costello and Kenworthy 
2011), several years prior to our survey in 2009.  Marked loss in seagrass coverage has 
occurred between 2008 and 2010 (Tyler pers. comm.), and has also been noted in the 
decade preceding the 2006-2007 survey (Costello and Kenworthy 2011).  Taken together, 
this strongly suggests that the disagreement in survey results stems from the occurring 
loss of seagrass in the harbor, and implies that our sampling strategy was appropriate to 
accurately capture variation in seagrass presence.   
Depth 
 The general agreement between our depth measurements and the interpolated 
NOAA bathymetric dataset suggests that the use of the interpolated bathymetric surface 
did not introduce large errors into the initial habitat model used to create the sampling 
strategy for our survey.  However, the weakness of the correlations, especially in the 
SoH, indicates some disagreement.  The discrepancies may be due to our comparison of 
measured values to values from a predicted surface, as kriging does not always precisely 
reproduce the measured values (USEPA 2004).  However, it is more likely that the 
difference in depths is due to changes in the bathymetry between surveys.   
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 Coastal bathymetry changes primarily as a result of sediment transport caused by 
regular water movement in the form of currents and tides (Bird 2008).  However, during 
major storm events, the operating processes greatly increase in intensity (Balson and 
Collins 2007), resulting in significantly larger changes (eg. Howes et al. 2006).  Well 
documented with regards to beach formation and removal (eg. Komar 1998), significant 
storms can also alter the substrate underlying shallow waters, such as is found in many 
estuaries (Coch 1994), including WFH.   
 Multiple major storm events have been documented to have altered the 
bathymetry of WFH throughout the latter half of the 20th Century (Howes et al. 2006 and 
references therein).  Between 1976, the year the NOAA bathymetry survey was 
conducted (Dropp 1976), and 2009, the year of our survey, multiple storms impacted the 
area, including Hurricane Bob in 1991 (Howes et al. 2006, Butman et al. 2008, Madsen et 
al. 2009).  Given the hurricane’s severity (FitzGerald et al. 1994, Valiela et al. 1998), it is 
not unlikely that it altered the bathymetry, resulting in the depth discrepancies we noted.  
This then suggests that our sampling strategy was appropriate for capturing the 
heterogeneity of the bathymetry.   
Spatial Correlations 
 An examination of the correlations between interpolated datasets suggests that the 
use of interpolated surfaces to provide coverage between sampling locations is relevant to 
work in shallow estuaries.  Most of the correlations evident between interpolated 
variables were precisely what we expected to see, and can be readily explained based on 
knowledge of the processes at work in shallow estuaries (see section 4.1).  Several other 
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patterns, such as the correlations between invertebrate population densities, are less easily 
explained, but do not negate the suggested relevance.   
Geostatistics 
 Our use of the RMSE metric (a standard practice, see Chaplot et al. 2006, 
Robinson and Metternicht 2006, Sun et al. 2009, Xie et al. 2011) identified multiple areas 
where the interpolated surfaces could be improved.  While fewer than half (46%: 6/13) of 
the interpolations in the SoH (S) had excessively large (greater than 50% of the range) 
RMSE values, 64% (9/14) of the surfaces in the IH did have excessive RMSE values, as 
did 90% (9/10) of the surfaces from the SoH (N), indicating low prediction accuracy 
(Atkinson and Lloyd 2009).  Of the surfaces with excessively large RMSE values, they 
were approximately evenly split between invertebrate densities and environmental 
characteristics.  Accuracy of each characteristic (as indicated by RMSE) varied from 
region to region, and none of the surfaces showed low RMSE consistently for all regions 
(see Table 7).   
 Taken in combination with the relative accuracy of our seagrass coverage and 
water depth surveys (see ‘Seagrass’ and ‘Depth’ earlier in this section), this suggests that 
our sampling strategy and methods were of varied appropriateness for the conditions we 
were attempting to measure.  Accuracy appears to be equally low for interpolations of 
both invertebrate density and environmental characteristics, suggesting that our sampling 
strategy did not favor either the physico-chemical sampling or the invertebrate 
observations over the other, and that adjustments simply need to be made to both 
sampling strategies (see ‘Improvements’ later in this section).   
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Spatial Accuracy & Clustering 
The varied spatial accuracy of the sampling sites as compared to their designated 
locations indicated the difficulty of collecting samples while compensating for wind and 
waves in a small boat.  The location error of the GPS (3-4 m) at the time of sampling 
compounded those difficulties.  In part because of this inaccuracy, the sampled stations 
are spatially clustered within the sub-basins, to the extreme of being two spatially 
disparate datasets within the SoH (Figure 1C).  This is mostly due to weather and 
equipment complications, which prevented sampling as many sites as were originally 
intended.  In order to capture a minimum proportion of the variation in conditions, we 
were forced to sample as efficiently as possible, collecting samples from stations that 
were geographically clustered while maintaining the minimum coverage of four-stations-
per-stratum.   
In an attempt to improve the accuracy of the interpolated results, the SoH 
sampling results were divided into two separate datasets and processed independently.  
However, doing so, while potentially improving accuracy within each dataset, likely 
decreased accuracy between the datasets.  This is visible in the interpolated surfaces, 
Figures 2-6, in the artificial line cutting across the northern portion of the SoH.  Since the 
points nearest the boundary had no effect on the interpolation of the other dataset, the 
predicted values do not match up perfectly, and an artificial line is visible.  Increased 
sampling effort would fill in the areas that were under-sampled, negating the reason for 
splitting the dataset and removing the artificial division.   
 40
Improvements 
Of the possible improvements, the easiest to implement is likely that of increasing 
spatial accuracy.  Using a more accurate GPS, or remaining on station longer to allow 
multiple coordinate collections, would improve the accuracy of each reported position.  
Sampling from within the water, instead of from a boat, would increase the precision of 
placement, and likely minimize the discrepancy between designated and sampled 
locations.   
Increasing the sampling effort would probably also help to decrease the high 
RMSE values noted in ‘Geostatistics’ earlier in this section, but only for some of the 
measured variables.  While the physico-chemical characteristic interpolations would 
likely benefit from a denser, more robust sampling strategy (Haining 1990, Webster and 
Oliver 2001), doing so would probably not improve the macroinvertebrate density 
surfaces nearly as much, as there are likely other factors at work, such as the 
appropriateness of our sampling methods.  While the low densities we recorded are 
indicative of the patchy distribution of many of the invertebrates in WFH (Mahl et al. 
unpub., McLenaghan et al. unpub.), they are also a result of the vertical distribution and 
physical characteristics of those species.  For example, we sampled to a depth of 15 cm 
using 9.5 cm diameter cores (see section 2.4) but A. virens and P. gouldii may be found 
deeper (15-30 cm), and M. mercenaria and M. arenaria are capable of moving away 
from an inserted core fast enough to elude capture (Tyler et al. unpub.). Thus, improving 
the sampling strategy, at least for those species, would likely require sampling to a deeper 
depth (eg. 30 cm) and potentially using a second sampling method, such as a grab 




 We conclude that small-scale microcosms can indeed represent large-scale 
conditions in estuarine biogeochemical studies.  There do not appear to be scale effects as 
far as the magnitude of characteristic physico-chemical measurements is concerned.  
Conditions within microcosms are generally less heterogeneous than even localized 
conditions on a field site, and microcosms are only capable of capturing a portion of that 
field heterogeneity.  The artificial nature of microcosms can cause physico-chemical 
conditions to trend away from those observable in the field, particularly in relation to 
porewater chemistry, but using macroinvertebrates to more closely mimic the biological 
conditions of a field site can help to reduce that trend.  Thus, careful manipulation of 
microcosm experiments can minimize even the more extreme inaccuracies to which 
microcosms are prone, and strengthen the explanatory power of microcosm experiments 
in estuarine biogeochemical studies.   
 Our findings help to verify the comparability of microcosm and field conditions, 
suggesting that conclusions drawn from microcosm observations are applicable to 
processes occurring at larger field scales.  Future studies will attempt to quantify the 
observed patterns by taking known relationships between macroinvertebrates and 
sediment physico-chemical conditions determined in microcosm experiments and 
applying them to the areas demonstrated to be physically and chemically similar.  This 
will allow estimates to be made of the cumulative impact of the macroinvertebrates 
present in WFH, and will act as a foundation for quantifying the extent to which 
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Figure 1: West Falmouth Harbor 



















Figure 2: Interpolated physico-chemical characteristics 
2A: Benthic microalgal chlorophyll a.   2B: Oxygen consumption rates. 






 Figure 3: Interpolated sediment characteristics 
3A: Average grain size.    3B: Percent sand composition. 








Figure 4: Interpolated macroinvertebrate density: bivalvia 
4A: Gemma gemma.    4B: Mercenaria mercenaria. 






Figure 5: Interpolated macroinvertebrate density: polychaeta 
5A: Alitta succinea.    5B: Capitella capitata. 







Figure 6: Interpolated macroinvertebrate density: gastropoda and sipunculidae 














Figure 7:Field and microcosm physico-chemical conditions: IH (1) 
7A: Oxygen consumption in manipulated sediments 
7B: Benthic microalgal chlorophyll a in manipulated sediments 
7C: Porewater ammonium in manipulated sediments 
 
ALI=A. virens.  CTRL=Control core, no fauna present.  GEM=G. gemma.   








Figure 8:Field and microcosm physico-chemical conditions: IH (2) 
8A: Oxygen consumption in intact sediments 
8B: Porewater ammonium in intact sediments  
 
ALI=A. virens.  CTRL=Control core, no fauna present.  GEM=G. gemma.   















Figure 9:Field and microcosm physico-chemical conditions: SoH 
9A: Oxygen consumption in manipulated sediments 
9B: Benthic microalgal chlorophyll a in manipulated sediments 
9C: Porewater ammonium in manipulated sediments 
 
ALI=A. virens.  CTRL=Control core, no fauna present.  GEM=G. gemma.   
ILY=I. obsoleta.  MER=M. mercenaria.  PHA=P. gouldii. 
 61
 62
Table 1: Species of Interest Densities (Ind. m-2) 
N = 16 stations, 9 stations, 12 stations 
 IH SoH (N) SoH (S) 
Bivalvia
Gemma gemma 2660 0 420
Mercenaria mercenaria 0 0 10
Mya arenaria 10 0 0
Polychaeta
Alitta succinea 150 20 80
Alitta virens 0 0 0
Capitella capitata 430 80 110
Hediste diversicolor 140 60 80
Scoloplos acutus 10 0 0
Gastropoda
Ilyanassa obsoleta  10 0 0
Sipunculidae




Table 2: Sediment Classifications 
N = 21 stations (IH), 12 stations (SoH (N)), 27 stations (SoH (S)) 
  Station % Cover 
Folk Code Description IH SoH (N) SoH (S) 
E Gravelly sand 28.6 8.3 3.7 
F Gravelly muddy sand 9.5 8.3 11.1 
H Slightly gravelly sand 0.0 25.0 18.5 
I Slightly gravelly muddy sand 38.1 33.3 11.1 
J Slightly gravelly sandy mud 4.8 0.0 0.0 
L Sand 0.0 0.0 3.7 
M Muddy sand 9.5 16.7 40.7 
N Sandy mud 9.5 8.3 11.1 
 
 
Table 3: Average Grain Sizes 
*Maximum particle size estimated based on analyzed samples 
 Defined range (mm) Calculated average (mm) 
Gravel* 2-30 16 
Sand 0.064-2 1.032 
Fines 0-0.064 0.032 
Table 4: Correlation Coefficients of Field Variables: IH 
Inner Harbor 
Chl. a 1               
O2 -0.38 1              
PW NH4+ -0.37 0.15 1             
OM  0.12 -0.39 0.17 1            
Avg. GS -0.32 0.50 -0.17 -0.56 1           
% Gravel -0.26 0.50 -0.22 -0.56 0.99 1          
% Sand 0.29 0.12 -0.06 -0.29 -0.07 -0.07 1         
% Mud 0.31 -0.62 -0.30 0.16 -0.30 -0.28 -0.57 1        
A. succinea 0.28 -0.09 -0.25 -0.56 0.07 0.07 0.48 0.15 1       
C. capitata -0.55 0.74 0.38 -0.33 0.62 0.60 -0.01 -0.66 -0.19 1      
G. gemma 0.65 -0.52 -0.49 0.26 -0.59 -0.54 0.16 0.48 0.18 -0.80 1     
H. 
diversicolor -0.51 0.66 0.30 -0.12 0.58 0.57 -0.15 -0.64 -0.42 0.89 -0.70 1    
I. obsoleta -0.49 0.16 0.51 0.14 0.12 0.08 -0.25 -0.21 -0.37 0.33 -0.56 0.33 1   
M. arenaria 0.51 -0.37 -0.16 -0.23 -0.22 -0.22 0.40 0.30 0.76 -0.40 0.30 -0.59 -0.44 1  
S. acutus -0.03 -0.15 0.15 0.05 -0.08 -0.10 -0.14 0.17 -0.04 -0.16 -0.17 -0.20 0.44 -0.02 1 
 Chl. a O2
PW 





















⁬ = Strong correlations 
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Table 5: Correlation Coefficients of Field Variables: SoH (N) 
South Harbor (North) 
Chl. a 1            
O2 -0.86 1          
PW NH4+ 0.25 -0.21 1         
OM  0.30 -0.33 0.07 1        
Avg. GS -0.03 0.09 0.11 -0.82 1       
% Gravel -0.33 0.39 0.02 -0.73 0.86 1      
% Sand -0.78 0.73 -0.18 -0.54 0.33 0.64 1     
% Mud 0.09 -0.10 -0.01 0.95 -0.89 -0.71 -0.35 1    
A. succinea -0.37 0.42 -0.11 -0.27 0.18 0.44 0.64 -0.15 1   
C. capitata -0.71 0.66 -0.30 -0.39 0.23 0.54 0.79 -0.23 0.57 1  
H. diversicolor 0.64 -0.58 0.23 -0.11 0.26 -0.11 -0.50 -0.29 -0.47 -0.71 1 















⁬ = Strong correlations 
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South Harbor (S) 
Chl. a 1               
O2 -0.08 1             
PW NH4+ -0.03 0.31 1            
OM  -0.13 0.03 -0.14 1           
Avg. GS 0.18 0.02 0.33 -0.33 1          
% Gravel 0.39 0.07 0.31 -0.15 0.83 1         
% Sand 0.10 -0.11 0.04 -0.83 0.17 -0.10 1        
% Mud -0.19 0.09 -0.14 0.86 -0.35 -0.14 -0.97 1       
A. succinea 0.12 -0.28 -0.24 -0.02 -0.14 -0.27 0.23 -0.14 1      
C. capitata 0.11 -0.13 -0.07 -0.14 -0.03 -0.13 0.34 -0.31 0.45 1     
G. gemma -0.13 -0.16 -0.58 0.07 -0.29 -0.35 0.14 -0.04 0.11 0.06 1    
H. 
diversicolor 0.19 -0.31 -0.28 -0.10 -0.24 -0.37 0.28 -0.17 0.86 0.46 0.17 1   
M. 
mercenaria 0.10 -0.22 -0.14 -0.17 -0.08 -0.21 0.38 -0.32 0.64 0.92 0.11 0.67 1  
P. gouldii -0.18 0.02 0.53 -0.27 0.07 -0.07 0.29 -0.27 0.04 0.10 -0.50 0.05 0.08 1 
 Chl. a O2
PW 










capitata G. gemma H. diversicolor 
M. 
mercenaria P. gouldii 
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Table 6: Correlation Coefficients of Field Variables: SoH (S) 
⁬ = Strong correlations 
 
 
Table 7: Root Mean Square Errors 
Noted as percent of range 
  IH SoH (N) SoH (S) 
Chl. a 21 % 148 % 48 % 
O2 108 % 111 % 235 % 
PW NH4+ 36 % 123 % 91 % 
OM  122 % 53 % 21 % 
Avg. GS 25 % 181 % 8 % 
% Sand 146 % 61 % 25 % 
% Mud 110 % 51 % 26 % 
A. succinea 51 % 224 % 68 % 
C. capitata 102 % 96 % 16 % 
G. gemma 71 % N/A 107 % 
H. diversicolor 95 % 14 % 91 % 
I. obsoleta 89 % N/A N/A 
M. arenaria 16 % N/A N/A 
M. mercenaria N/A N/A 22 % 
P. gouldii N/A N/A 191 % 
S. acutus 17 % N/A N/A 
 
 
Table 8: Sampling site counts 
 IH SoH 
Sites Designated 45 68 
   
Sites Sampled   
O2 34 36 
NH4+ 33 23 
Chl. a 27 38 
Porosity 27 39 
Organic Matter 24 27 
Grain Size 22 39 
Invertebrates 19 24 
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Table 9: Sediment Collection Site Characterization 
IH, Intact Sediment Mean +/- SD Range 
O2 Flux (mmol m-2 h-1)  3.6 +/- 2.1 1.2 - 5.4 
PW NH4+ (μM) 40 +/- 43 0.0 - 84 
Chl. a (mg m-2)  68 +/- 52 16 - 140 
OM (%) 8.7 +/- 1.4 7.4 - 10.2 
Grain Size (mm) 0.8 +/- 0.3 0.6 - 1.2 
Gravel (%) 1.0 +/- 0.8 0.4 - 2.1 
Sand (%) 59.4 +/- 18.7 47.1 - 87.3 
Mud (%) 39.6 +/- 19.5 10.6 - 52.3 
Sediment classification Slightly gravelly muddy sand/sandy mud 
   
IH, Manipulated Sediment Mean +/- SD Range 
O2 Flux (mmol m-2 h-1)  3.4 +/- 1.5 2.5 - 5.2 
PW NH4+ (μM) 26 +/- 39 2 - 71 
Chl. a (mg m-2)  129 +/- 84 51 - 218 
OM (%) 1.9 +/- 1.7 0.7 - 3.1 
Grain Size (mm) 1.8 +/- 0.8 1.3 - 2.4 
Gravel (%) 6.0 +/- 4.4 2.9 - 9.1 
Sand (%) 84.6 +/- 5.6 80.7 - 88.5 
Mud (%) 9.4 +/- 9.9 2.4 - 16.4 
Sediment classification Gravelly/slightly gravelly muddy sand 
   
SoH, Manipulated Sediment Mean +/- SD Range 
O2 Flux (mmol m-2 h-1)  2.3 +/- 0.3 2.1 - 2.7 
PW NH4+ (μM) 38 +/- 29 5 - 59 
Chl. a (mg m-2)  36 +/- 27 15 - 67 
OM (%) N/A N/A 
Grain Size (mm) 1.0 +/- 0.2 0.8 - 1.1 
Gravel (%) 0.1 +/- 0.2 0.0 - 0.4 
Sand (%) 90.3 +/- 15.5 72.4 - 99.3 
Mud (%) 9.6 +/- 15.6 0.6 - 27.6 
Sediment classification Muddy/slightly gravelly sand 
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Table 10: Invertebrate Density Comparison 
 IH Range (Individuals m-2)  




Alitta virens 0 0 0 
Illyanassa obsoleta 0 0 0 - 320 
Mercenaria mercenaria 0 0 - 290 0 - 320 
    
 Field Intact Microcosms 
Alitta virens 0 0 - 290 
  
  
 SoH Range (Individuals m-2)  




Alitta virens 0 0 - 290 0 
Gemma gemma 290 - 570 0 - 4290 0 
Illyanassa obsoleta 0 0 - 570 0 - 570 
Mercenaria mercenaria 0 0 - 290 0 - 430 




Table 11: Spatial accuracy 
Total sampled stations 78 
Examined stations 40 
Stratum-shifted stations 11 
  
Discrepancy # Points 
0-1 m 15 
1-5 m 4 
5-10 m 12 
10-15 m 6 





APPENDIX B: Microcosm observations 
Bourdon, 2010.  Stratified sediment, IH.     
Density  Duration O2 Flux (mmol m-2 h-1)  Chl. a (mg m-2)  Species 
(Inds. m-2)   Mean +/- SE 
PW NH4+ (uM)  
Mean +/- SD Mean +/- SE 
MER 290 21 days -7.3 +/- 1.8 225 +/- 230 182 +/- 24 
CTRL 0 21 days -2.9 +/- 0.2 386 +/- 126 263 +/- 21 
            
Premo, 2010a.  Homogenized sediment, IH.     
Density O2 Flux (mmol m-2 h-1) PW NH4+ (uM) Chl. a (mg m-2) Species 
(Inds. m-2) 
Duration 
Mean +/- SD Mean +/- SD Mean +/- SD 
CTRL 0 7 days -4.2 +/- 3 N/A N/A 
MER 240 7 days -4.0 +/- 1.4 N/A N/A 
ILY 320 7 days -3.2 +/- 1.8 N/A N/A 
MER, ILY 240, 320 7 days -3.8 +/- 0.8 N/A N/A 
CTRL 0 14 days -1.4 +/- 0.6 N/A N/A 
MER 240 14 days -1.7 +/- 0.3 N/A N/A 
ILY 320 14 days -2 +/- 0.2 N/A N/A 
MER, ILY 240, 320 14 days -2.8 +/- 0.9 N/A N/A 
CTRL 0 21 days -8 +/- 3.9 N/A 189 +/- 104 
MER 240 21 days -4.7 +/- 0.7 N/A 163 +/- 59 
ILY 320 21 days -9.3 +/- 2.5 N/A 227 +/- 97 
MER, ILY 240, 320 21 days -8.5 +/- 3.5 N/A 207 +/- 44 
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Premo, 2010b.  Homogenized sediment, IH.     
Density O2 Flux (mmol m-2 h-1)  PW NH4+ (uM)  Chl. a (mg m-2)  Species 
(Inds. m-2) 
Duration 
Mean +/- SE Mean +/- SD Mean +/- ?? 
CTRL 0 7 days -1.3 +/- 0.5 N/A N/A 
ILY 320 7 days -2.8 +/- 1.3 N/A N/A 
CTRL 0 14 days -1.1 +/- 0.3 N/A N/A 
ILY 320 14 days -2.4 +/- 0.2 N/A N/A 
CTRL 0 21 days -1.9 +/- 0.2 N/A N/A 
ILY 320 21 days -2.5 +/- 0.4 N/A N/A 
Mahl 2009.  Undisturbed sediment, IH.     
Density Duration O2 Flux (mmol m-2 h-1)  PW NH4+ (uM)  Chl. a (mg m-2)  Species 
(Inds. m-2)   Mean +/- SE Mean +/- ?? Mean +/- ?? 
ALI 290 6 hrs -7.8 +/- 0.5 191 +/- 12 N/A 
ALI 290 18 hrs -8.1 +/- 0.6 162 +/- 13 N/A 
ALI 290 7 days -6.1 +/- 0.4 176 +/- 11 N/A 
ALI 290 14 days -6.6 +/- 0.4 188 +/- 9 N/A 
ALI 290 36 days -4.7 +/- 0.8 131 +/- 11 N/A 
ALI 290 50 days -4.7 +/- 0.2 122 +/- 13 N/A 
CTL 0 6 hrs -2.7 +/- 1.3 110 +/- 3 N/A 
CTL 0 18 hrs -2.8 +/- 1.4 108 +/- 4 N/A 
CTL 0 7 days -3.3 +/- 0.9 162 +/- 4 N/A 
CTL 0 14 days -3.3 +/- 0.9 225 +/- 3 N/A 
CTL 0 36 days -3.9 +/- 0.3 301 +/- 3 N/A 
CTL 0 50 days -4.0 +/- 0.2 323 +/- 3 N/A 
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Bourdon 2009.  Stratified sediment, SoH.     
Density Duration O2 Flux (mmol m-2 h-1)  PW NH4+ (uM)  Chl. a (mg m-2)  Species 
(Inds. m-2)   Mean +/- SE Mean +/- SD Mean +/- ?? 
MER 290 21 days -2.5 +/- 0.6 175 +/- 102 174 +/- 10 
CTRL 0 21 days -2.5 +/- 0.3 436 +/- 238 196 +/- 21 
            
Yarrington 2009. Stratified sediment, SoH     
Density Duration O2 Flux (mmol m-2 h-1)  PW NH4+ (uM)  Chl. a (mg m-2)  Species 
(Inds. m-2)   Mean +/- ?? Mean +/- ?? Mean +/- ?? 
CTRL 0 24 days -1.6 +/- 0.1 352 +/- 155 92 +/- 0 
ILY 290 24 days -3 +/- 0.3 250 +/- 34 101 +/- 8 
MER 290 24 days -3.3 +/- 0.3 211 +/- 44 100 +/- 13 
PHA/ILY 570 24 days -3.6 +/- 0.3 47 +/- 10 112 +/- 25 
PHA/MER 570 24 days -4.8 +/- 0.8 44 +/- 17 75 +/- 3 
PHA/MER/ILY 860 24 days -4.4 +/- 0.8 50 +/- 9 107 +/- 22 
PHA 290 24 days -3.5 +/- 0.4 28 +/- 8 64 +/- 2 
            
Scheiner, 2009.  Stratified sediment, SoH.     
Density Duration O2 Flux (mmol m-2 h-1)  PW NH4+ (uM)  Chl. a (mg m-2)  Species 
(Inds. m-2)   Mean +/- SD Mean +/- SD Mean +/- SD 
MER 200 6 weeks -1.2 +/- 0.3 127 +/- 41 67 +/- 24 
MER 200 6 weeks -1.1 +/- 0.3 120 +/- 81 102 +/- 42 
MER 200 6 weeks -1.2 +/- 0.4 98 +/- 11 103 +/- 11 
MER 200 6 weeks -1.2 +/- 0.3 180 +/- 20 64 +/- 30 
NO FAUNA 0 6 weeks -1.1 +/- 0.3 80 +/- 49 38 +/- 14 
NO FAUNA 0 6 weeks -1 +/- 0.2 168 +/- 108 30 +/- 19 
NO FAUNA 0 6 weeks -1 +/- 0.1 131 +/- 85 73 +/- 33 
NO FAUNA 0 6 weeks -1 +/- 0.2 173 +/- 45 75 +/- 43 
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Tyler, 2008.  Stratified sediment, SoH.     
Density Duration O2 Flux (mmol m-2 h-1)  PW NH4+ (uM)  Chl. a (mg m-2)  Species 
(Inds. m-2)   Mean +/- SE Mean +/- SE Mean +/- SD 
CTRL 0 9 wks -1.7 +/- 0.2 1562 +/- 628 91 +/- 71 
GEM 4290 9 wks -1.6 +/- 0.1 787 +/- 100 87 +/- 50 
ILY 290 9 wks -1.8 +/- 0.2 1033 +/- 337 60 +/- 39 
ALI 290 9 wks -2.8 +/- 0.5 285 +/- 92 66 +/- 30 
PHA 290 9 wks -1.5 +/- 0 148 +/- 34 64 +/- 35 
            
Premo, 2010.  Homogenized sediment, SoH.     
Density Duration O2 Flux (mmol m-2 h-1)  PW NH4+ (uM)  Chl. a (mg m-2)  Species 
(Inds. m-2)   Mean +/- SD Mean +/- SD Mean +/- ?? 
CTRL 0 24 days -1.5 +/- 0.5 1690 +/- 535 72 +/- 8 
MER 430 24 days -2.3 +/- 0.8 841 +/- 611 90 +/- 8 
Ily 570 24 days -2.1 +/- 0.4 1687 +/- 874 115 +/- 26 
MER and Eff* 430 24 days -2.2 +/- 0.4 1580 +/- 678 97 +/- 23 
ILY and Eff* 570 24 days -2.1 +/- 0.1 1101 +/- 360 167 +/- 22 
ALI=A. virens.  CTRL=Control core, no fauna present.  GEM=G. gemma.  ILY=I. obsoleta.  MER=M. mercenaria.  PHA=P. gouldii. 
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